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We propose a novel ion cyclotron resonance ion trap capable of confining ions even at high
pressure. The trap consists of three capacitively coupled axial sections, each composed of four
circular cross-section rods parallel to the magnetic field axis. Ion confinement along the
magnetic field direction is provided by applying the same static voltage to each set of “endcap”
rods. As for a two-dimensional quadrupole mass filter, a sufficiently high rf frequency (several
MHz) leads to an “effective” electrostatic “pseudopotential” well with a minimum on the trap
central axis. Ions are confined radially by the combination of an applied axial static magnetic
field and a radially inward-directed electric field resulting from differential rf voltages applied
to each set of four rods. Ion confinement properties are revealed from a Paul traplike “stability
diagram,” whereas ion trajectories are analyzed in terms of Penning-type ion cyclotron
rotation, magnetron rotation, and axial oscillation motional modes. Ion cyclotron frequency
increases with the strength of the rf trapping field. Ion magnetron motion becomes stable if the
rf voltage is high enough. Therefore, ion trajectories can be stable even in the presence of
ion-neutral collisions. Adding an ac potential to a Penning trap should dramatically increase the
upper mass detection limit. (J Am Soc Mass Spectrom 1997, 8, 962–969) © 1997 American
Society for Mass Spectrometry
Trapping of ions for an extended period is highlydesirable for all sorts of mass-related experi-ments: precise mass measurement, tandem mass
spectrometry (MS/MS), photoinduced processes, trace
analysis, mixture analysis, and characterization of ion-
molecule reaction pathways, kinetics, equilibria, and
energetics. The two principal types of ion traps are the
Penning trap and the Paul trap. A Penning trap, used
for Fourier transform ion cyclotron resonance (FTICR)
MS, is generated by the combination of an applied static
spatially homogeneous axial magnetic field and an axial
three-dimensional quadrupolar electrostatic potential
[1]. Any of literally dozens of geometric configurations
can produce a potential field that approaches the de-
sired electrostatic potential near the center of the trap
[2]. A Paul trap, also known as a quadrupole ion trap, is
produced by superimposed static and rf axial three-
dimensional quadrupolar electric potentials in the ab-
sence of a magnetic field [3]. A Paul trap exhibits a
three-dimensional minimum “pseudo”-potential at the
center of the trap; thus, a buffer gas (e.g., helium)
introduced at a pressure of 1026–1023 torr collisionally
cools ions translationally until they approach the center
of the trap. Compared to a Paul trap, FTICR MS in a
Penning trap offers much higher mass accuracy and
wider mass range for a given spectrum, but requires
much lower operating pressure (#1028 torr versus 1023
torr) and generates ion trajectories that are radially
unstable in the presence of collisions. In contrast, the
Paul trap offers the major advantage of stable ion
trapping. It is therefore highly desirable to make a
combined trap [4–14] by combining the advantages of
Penning and Paul traps. Li reported the first theoretical
calculations [6] and stability diagrams [7, 10] for ions in
combined trap. Rempel and Gross [8] performed the
first FTICR MS experiment designed to cool and focus
molecular ions by buffer gas collisions in a combined
trap. Gorshkov et al. [9] first demonstrated simulta-
neous trapping and FTICR detection of positive and
negative ions in a combined trap.
In a conventional Penning trap, ions are confined
laterally by a strong static axial magnetic field and
axially by the static axial electric field. Ions of mass-to-
charge ratios less than the mass-to-charge ratio upper
limits [15] remain in stable trajectories in the absence of
(ion-neutral or ion-ion) collisions. However, because
the electrostatic trapping potential decreases quadrati-
cally with increasing radial displacement from the
central axis of the trap, collisions effectively allow ions
to descend that potential surface and diffuse radially
outward until they eventually collide with the side
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electrodes of the trap and are lost. Radial diffusion of
ions in a Penning trap may be reduced in two ways.
First, axialization of ions by azimuthal two-dimensional
quadrupolar cyclotron-resonant excitation effectively
avoids radial diffusion by keeping ions close to the trap
symmetry axis by converting magnetron motion to
cyclotron motion, which in turn is rapidly damped by
ion-neutral collisions [16, 17]. In practice, Brownian
motion from ion-neutral collisions, Coulomb interac-
tions between ions, and the finite distribution in ion
initial velocity make it impossible to place ions exactly
on the z axis. Second, the electrostatic axial three-
dimensional quadrupolar potential may be replaced by
a low [9] or high [8] voltage rf potential in a so-called
“combined” trap [4–14]. This approach creates a three-
dimensional trapping potential (actually, “pseudopo-
tential”) well (Figure 1, right), eliminating radial diffu-
sion. Low-amplitude rf (a few Vp-p at 17.5 kHz in a
1.875-in. cubic ICR trap) is useful for simultaneous
confinement of ions of both charge signs [9], whereas
high-amplitude rf (1000 Vp-p at 1.1 MHz in a 1-in. cubic
ICR trap) allows for retention of ions at high pressure
(1023 torr).
The presently proposed linear rf ion trap derives
from a “racetrack”-configuration rf trap. Drees and Paul
[18] first used this trap for short-term confinement of an
electron-ion plasma. Church [19] later used it for ex-
tended confinement of atomic ions. Birkl et al. adapted
the idea for laser cooling of Mg1 ions [20]. A racetrack
trap consists of quadrupole rf rod electrodes, similar to
those in a two-dimensional quadrupole mass filter, bent
to form a closed path. Ions are subjected to a force
directed inward toward the quadrupole axis, and the
ions follow trajectories around a closed path formed by
the curved rod electrodes. A subsequently proposed
linear ion trap [21, 22] uses four rf rods for radial
confinement and a static axial potential for longitudinal
confinement. In this scheme (Figure 1, left, but without
an applied magnetic field), the four rods are configured
as in a two-dimensional quadrupole mass filter, with a
zero-field node along the center line rather than at the
single point of a Paul quadrupole ion trap. Axial
confinement is achieved by application of a static po-
tential at each end of the trap by use of potential-biased
rings, pins, or split sections of the trap rods. For
example, Melbourne et al. devised a linear ion trap with
flat disk endcaps and a central cylindrical cut into four
sectors [23]. Prestage et al. have used a linear ion trap to
develop a frequency standard [24, 25]. In other experi-
ments, gas-phase “ionic crystals” have been produced
in a linear ion trap [26, 27]. Bier et al. [28] adapted the
linear ion trap as a broadband mass spectrometer.
Thomson et al. [29] proposed the use of a linear ion trap
to trap and cool ions for subsequent ejection into other
devices. Finally, Ijames [30] proposed to trap electro-
sprayed ions in a linear ion trap and then to eject those
ions orthogonally to a time-of-flight mass analyzer.
Here, we propose [31] a novel “combined linear ion
trap” for direct mass analysis by placing a linear Paul
ion trap [22] in a strong axial static magnetic field. We
show that, at sufficiently high (several MHz) rf fre-
quency, the resulting azimuthal electric rf potential
field forms an “effective” electrostatic potential (or
“pseudopotential”) well with a minimum at the trap
center. The depth of the pseudopotential well is deeper
for low rf frequencies in the pseudopotential approxi-
mation (bu 5 (au 1 qu
2/2)1/2 ,, 1, u 5 x or y, au and
qu are defined in eq 6) is satisfied. For this system, it is
convenient to analyze ion trapping properties in terms
of a “stability diagram,” whereas ion trajectories are
more readily analyzed in terms of Penning traplike ion
cyclotron rotation, magnetron rotation, and axial oscil-
lation motional modes. The basic configuration, operat-
ing principles, and possible applications for the new
combined linear ion trap will now be presented.
The proposed combined linear ion trap configuration
(Figure 1, left) consists of three sections, each formed
from four parallel rods of circular cross section. The
middle four-rod section is held at ground bias voltage.
Axial confinement of ions along or opposed to the
magnetic field direction is provided by applying the
same static bias potential to each set of four “endcap”
rods. Ions are trapped in the radial direction by the
combination of a spatially homogeneous static axial
magnetic field, B0, and an azimuthal alternating electric
field produced by applying differential alternating volt-
ages to orthogonal pairs of endcap rod electrodes.
Theory
The underlying principle of the combined trap config-
uration was analyzed by physicists in the 1950s [4]. The
design has been analyzed both theoretically [10] and
experimentally [11]. Schuessler et al. [13] have built a
combined linear trap for on-line laser spectroscopy and
Figure 1. Configurations of a linear “combined” ion trap (left)
and “combined” ion trap (right). r is the radius of each quadrupole
rod. The optimal ratio, r/r0 ' 1.14511, has recently been estab-
lished from exact expressions for the multiple potential expansion
[36]. B is the magnetic field inductance; U0 is dc voltage ampli-
tude; V0 and v are the amplitude and frequency of the applied rf
voltage. Vdc is the static voltage applied to the end-section rods to
confine ions axially.
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mass spectroscopy. However for the mass measure-
ment of short-lived isotopes in their design, the linear
combined trap was operated as a Penning trap, in
which the cyclotron frequency was measured by ob-
serving the change in the time of flight in an inhomo-
geneous magnetic field of cyclotron-excited ions. Here
we give a brief description of the basic theory for the
configuration of Figure 1 (left), followed by a discussion
of the pseudopotential approximation and resulting ion
trajectories.
The motion of a charged particle in the presence of
an electric field
E 5 SExEy
Ez
D
and a magnetic induction,
B 5 SBxBy
Bz
D
is fully described by the Lorentz equation (S.I. units) for
ion motion
m
d2r
dt2
5 qE~r, t! 1 q
dr
dt
3 B~r, t! (1)
in which m and q are the mass and charge of the ion,
respectively;
r 5 Sxy
z
D
is the ion position.
For the combined linear trap of Figure 1, ions are
confined axially by a static axial three-dimensional
quadrupolar electric potential,
Vstatic~ x, y, z! 5 Vdc
2z2 2 ~ x2 1 y2!
2a2
(2a)
and radially by a combination of the applied magnetic
induction, B 5 B0zˆ and static/alternating two-dimen-
sional quadrupolar electric potential field,
V(x, y)5U01V0(
x22y2
2r0
2 ) cos~V t! (2b)
in which r0 is the radius of the inscribed circle touching
the four cylindrical center-section rods (see Figure 1,
left); U0 and V0 are the static and alternating voltage
amplitudes for the center-section rods; Vdc is the static
trapping voltage applied to each of the two end-section
sets of rods; and V is the frequency of the rf field. The
geometric factor a is defined as
a5(
4r0
2
a
)1/2 (2c)
in which a is determined by trap aspect ratio, and 2z0 is
the length of center-section quadrupole rods. Because
there is no existing a value for a quadrupole geometry
trap, we approximate a as 2.8 [i.e., the corresponding
value for a closed right circular cylinder of unit aspect
ratio (z0 5 r0) [32]]. Equation 2a represents the lowest-
order terms in the expansion of the static potential in
powers of Cartesian coordinates for the electrode con-
figuration of Figure 1. If the length of the central rods
becomes long compared to their spacing, then higher-
order terms in the expansion become more important so
that the static potential axial component changes signif-
icantly only near the boundary between the end and
center sections. The static potential applied between the
center-section rods effectively weakens the strength of
the radial potential for radial confinement of ions.
The equation of radial motion for an ion inside such
a trap may be simplified as
d2x
dt2
1SqU0mr02 2 qVdcma2 1 SqV0mr02 cos VtDD x 2 vc d ydt 5 0
(3a)
d2y
dt2
1(2
qU0
mr0
2 2
qVdc
ma2
2 SqV0mr02 cos VtD ) y 1 vc dxdt 5 0
(3b)
in which vc 5 qB/m is the unperturbed cyclotron
frequency of the ions, and V is the frequency of the
alternating electric field. Application of the coordinate
transformation [5].
x5x9 cos
vc
2
t 1 y9 sin
vc
2
t (4a)
y52x9 sin
vc
2
t 1 y9 cos
vc
2
t (4b)
decouples ion motion along x9 and y9. Finally, by
defining z 5 (V/2) t, we obtain the general form of the
Mathieu equation,
d2u
dz2
1 ~au 2 2qu cos 2z!u 5 0 (5)
in which, u 5 x9 or y9,
au 5
vc
2
V2
6
4qU0
m V2r0
2 2
4qVdc
m V2a2
(6a)
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qu 5 6
2qV0
m V2r0
2 (6b)
in which 1/2 correspond to u 5 x9 or y9. Of course, for
ions of either charge sign, the magnetic force is directed
radially inward (positive sign in eq 6a), whereas qVdc
produces a radially outward-directed (negative sign in
eq 6a) force. Stability diagrams based on this solution
are shown in Figure 2. Figure 2 (top) is the combined
linear ion trap, for which the static potential, U0, on the
center rod section is zero; Figure 2 (middle) is an
example from a stable region, namely, ay9 5 0.2 ax9;
Figure 2 (bottom) is the familiar two-dimensional qua-
drupole mass filter. Note that for Figure 2 (middle and
top), a positive static potential, Vdc, must be applied
between each pair of rods in each endcap section in
order to produce a stable positive-ion trajectory,
whereas positive-ion stability in the radial direction in
an ordinary two-dimensional quadrupole mass filter
can be achieved by applying either positive or negative
U0 voltage. Also, as shown by a prior comparison of
stability diagrams [10], the stability region is much
expanded for the combined linear trap compared to a
Paul trap: i.e., ions remain stable over a much wider
range of U0 and V0 voltage.
Although it is in principle possible to analyze the ion
trapping mechanism and ion trajectories directly from eqs
6a and 6b, it is simpler and more intuitive to start from the
“pseudopotential” approximation [33] for “rf-only” oper-
ation (i.e., U0 5 0). For a perfectly quadrupolar two-
dimensional electric potential, the “rf-only” field forms a
“pseudopotential” at a rf frequency sufficiently high that
[bu 5 (au 1 qu
2/2)1/2 ,, 1, u 5 x or y]
Vp~ x, y! 5
qV0
2
4m V2r0
4 r
2 (7)
The corresponding radial electric field is
E~r! 5 2
dVp
dr
5 2S qV022m V2r04Dr 5 2Erfr (8)
in which Erf 5 qV0
2/2m V2 r0
4. The additional static
radial electric field arising from the static voltage ap-
plied to each set of endcap rods is given by
E~r! 5 2
­Vstatic~r, z!
­r
5
Vdc
a2
r 5 Edcr (9)
in which Edc 5 Vdc/a
2. The radial force on an ion from
these combined electric fields is
mv2r 5 qB0vr 1 qErfr 2 qEdcr (10)
Two solutions satisfy eq 10:
v15
qB0
2m
[11(11
4m
qB0
2(Erf 2 Edc))
1/2] (11a)
5
qB0
2mF1 1 Î1 1 4mqB02 S qV0
2
2m V2r0
4 2
Vdc
a2 DG
v25
qB0
2m
[12(11
4m
qB0
2 (Erf 2 Edc))
1/2]
(11b)
5
qB0
2m F1 2 Î1 1 4mqB02 S qV0
2
2m V2r0
4 2
Vdc
a2 DG
in which v1 and v2 represent ion cyclotron frequency
and ion magnetron frequency under the combined influ-
ence of the applied magnetic, rf, and dc electric fields
inside the trap. From eq 3b, we obtain the axial oscillation
frequency
vz 5 S2qVdcma2 D
1/2
(11c)
Figure 2. Stability diagrams: shaded regions correspond to stable
ion trajectories, obtained from the overlap between regions in
which ions are independently stable in both x and y dimensions.
Top: Linear quadrupolar trap in the absence of an applied
magnetic field. Middle: Combined magnetic and quadrupolar
electric fields. Bottom: Conventional two-dimensional quadrupole
mass filter.
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Results and Discussion
Some immediate conclusions can be drawn from eqs 11.
In a conventional Penning trap, the magnetic force, q
v 3 B, on an ion is directed radially inward, whereas
the force resulting from the electrostatic potential ap-
plied to the endcaps is directly radially outward. Thus,
increasing the electrostatic potential effectively weak-
ens the magnetic force and lowers the ion cyclotron
frequency. However, total angular momentum (as well
as its projection onto any particular direction) of an ion
inside the trap is determined by the initial ion position
and velocity and must be conserved thereafter. Any
change in the ion cyclotron frequency must be compen-
sated by another rotational motion. That is why the
sense of magnetron and cyclotron rotations are the
same in a conventional ICR trap: the decrease in angu-
lar momentum resulting from decrease in cyclotron
frequency due to imposition of the electrostatic poten-
tial applied to the endcaps is compensated by an
additional “magnetron” rotation (of the same sense as
the cyclotron rotation). In the combined linear trap, on
the other hand, the pseudopotential due to the alternat-
ing voltage produces a radially inward-directed force
which effectively increases the ion cyclotron frequency.
Thus, if angular momentum is to be conserved, the
magnetron rotation sense must be opposite to that for
cyclotron rotation in the combined trap. Ion trajectories
(secular motions for combined linear ion trap) projected
onto the x-y plane are illustrated for both conventional
Penning and combined linear ion traps in Figure 3.
Based on the above results, we can predict some
advantages of the combined linear ion trap. First, com-
pared to a conventional Penning trap, the combined
linear trap can better tolerate ion-neutral collisions,
because the radially inward-directed electric field of the
pseudopotential due to the applied rf voltage effectively
reduces the (undesirable) effect of the radially outward-
directed electric field due to the static potential applied
to the endcap sections. Second, for ions of a given
mass-to-charge ratio, one can adjust the rf voltage
amplitude at fixed rf frequency until its corresponding
(radially inward-directed) electric field exactly cancels
the (radially outward-directed) electric field generated
by the static voltage applied to the end caps. In that
limit, the last two terms inside the square root of eqs
11 cancel each other, and the solutions of eq 10
simplify to
v15
qB0
m
5vc (12a)
v250 (12b)
Thus, the magnetron rotation disappears and the cyclo-
tron frequency reduces to the unperturbed cyclotron fre-
quency, vc, of an ion in a magnetic field with no electric
field at all. In practice, because of small perturbations to
the ion cyclotron frequency in the trap (such as Coulomb
interaction between ions), it is not really possible to trap
ions with zero magnetron frequency. However, one can
always adjust the rf frequency and amplitude and let the
pseudopotential cancel the dc potential and the potential
from Coulomb interactions in the radial direction to re-
duce the magnetron frequency approximately to zero.
For mass calibration in this combined linear trap, we
rewrite eq 11a as
v1 5
qB0
2m S1 1 Î1 1 2V02B02 V2r04 2 4mVdcqB02a2 D (13)
It is interesting to note from eq 13 that the cyclotron
frequency, v1, can in principle be uncoupled from the
electric potential, Vdc, because the Vdc term can be
canceled by the pseudopotential at a single mass by
appropriate choice of V and V0. However, a reviewer
has pointed out that that condition will generally occur
at such a high fraction of the upper mass-to-charge ratio
limit that FTICR would not usually be practicable.
From eq 13, we can also obtain the upper mass limit
(namely, the highest mass at which the sum of the terms
inside the square root is positive) for a stable ion
trajectory in a combined linear trap:
mstable 5 mICRS1 1 2V02B02 V2r04D (14)
Figure 3. Ion trajectories in Penning and combined ion traps.
Top: Ion trajectory, projected onto the x-y plane, in a Penning trap;
ion magnetron and cyclotron rotations have the same sense
(clockwise). Bottom: Same for a linear combined trap; magnetron
and cyclotron rotations have opposite sense.
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Here
mICR 5
qB0
2a2
4Vdc
(15)
is the upper mass limit for a stable ion trajectory in a
Penning trap [15]. From eqs 14 and 15, the combined
linear ion trap offers an increase in upper mass limit
(compared to a Penning trap) by the factor
mstable
mICR
5 1 1
2V0
2
B0
2 V2r0
4 (16)
For the pseudopotential approximation we require that
bu 5 ~au 1 qu
2/ 2!1/2 ,,1, u 5 x or y (17)
We could choose au , 0.2 and uquu # 0.6 to satisfy eq 17.
Combining uquu # 0.6 and eq 6b, we obtain
2qV0
m V2r0
2 # 0.6 (18)
Combining eqs 16 and 18, we obtain
mstable
mICR
5 1 1
2V0
2
B0
2 V2r0
4 # 1 1
m
q
0.6V0
B0
2r0
2 (19a)
and m 5 mstable. From eq 19a we obtain
mstableS0.32 DS ar0D
2S V0Vdc 2 1D 1 mICR $ 0 (19b)
If
S0.32 DS ar0D
2S V0Vdc 2 1D $ 0
then any value of mstable can satisfy eq 19b, so that there
is no upper mass limit for mstable. If
S0.32 DS ar0D
2S V0Vdc 2 1D , 0
then
mstable #
mICR
1 2 S0.32 DS ar0D
2S V0VdcD
(19c)
From eq 19c we can see that by adjusting the parame-
ters, a, r0, V0, and Vdc so that
12(
0.3
2
)(
a
r0
)2(
V0
Vdc
)3 0 (19d)
we find that
mstable #
mICR
1 2
0.3
2 S ar0D
2S V0VdcD
3 `
so that there is no upper mass limit for mstable in that case.
Therefore, in the combined trap there is in principle
no longer an upper mass limit for a stable ion trajectory,
and the upper mass limit is constrained only by the
highest mass at which the cyclotron radius for an ion of
thermal velocity approaches the radius of the trap itself.
For example, for a 1-in. trap diameter, 2r0 5 2.54 cm,
the upper mass limit can be as high as m/z ;2,500,000
at 3 tesla for thermal ions initially at room temperature,
or ;50 3 larger than for FTICR in a conventional
Penning trap of the same size with 1-V static trapping
voltage applied to each endcap. This theoretical limit is
for an ideal case. In practice, ions of high mass-to-
change ratio (example, m/z . 5000), FTICR figures of
merit (e.g., mass-to-charge ratio resolution) will fall
below the limit.
Next, consider some particular implications of eq
12b. From eq 11b, we obtain
qV0
2
2m V2r0
4 2
Vdc
a2
5 0 (20)
From eqs 2c and 13, we find
V0
2 5
am V2r0
2
2q
Vdc (21)
Thus, for z0 5 r0, a ' 2.8, V/2p 5 1 MHz, r0 5 1.27
cm, and Vdc 5 1 V,
V0
2 5 93
m
z
(22)
Here V0 is in volts, and m/z is in Thomson. For
different maximum mass-to-charge ratio values, we
can compute the minimum rf voltage, V0, needed to offset
the radially outward force due to the applied dc voltage,
Vdc (note that qu remains less than 0.908 in each case, so
that ions remain in stable trajectories), as shown in Table 1.
Table 1. Minimum rf voltage, V0, needed to offset the radially
outward force due to the applied dc voltage, Vdc, in a combined
trap (note that qu remains less than 0.908 in each case, so that
ions remain in stable trajectories)
m/z V0 (V) qu 5 2qV0/m V
2r0
2
1 9.6 0.292
100 96 0.0292
10,000 960 0.00292
1,000,000 9600 0.000292
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Second, compared to a conventional Paul trap or linear
Paul trap, the combined linear trap has the advantage of a
strong magnetic field, which allows for use of FTICR
techniques to determine ion mass with ultrahigh resolu-
tion and accuracy. A Penning trap exhibits an upper
mass-to-charge ratio limit [15, 34], but a Paul (linear) trap
in principle does not. Conversely, a Paul trap has a lower
mass-to-charge ratio limit, and a Penning trap does not.
Therefore, applying an ac potential to a Penning trap to
make a combined (linear) trap can increase its upper
mass-to-charge ratio limit, whereas placing a Paul trap in
a static magnetic field can reduce its lower mass-to-charge
ratio limit (e.g., so as to trap electrons as well as negative
ions, as is highly desirable for forming negative ions by
low-energy electron attachment to neutrals [35]).
Apart from mass-to-charge ratio limits, the strong,
spatially uniform, and temporally very stable mag-
netic field of a superconductive solenoidal magnet
introduces major advantages in mass resolution and
mass accuracy for a Penning (or combined) trap
relative to a Paul trap, as evidenced by the continued
demand for FTICR mass spectrometers in spite of
their higher cost.
Finally, let us compare the present combined linear
trap (Figure 1, left) with a “combined” trap (Figure 1,
right). The combined trap [4–14] has the same rf electric
field and hyperbolic-shaped electrodes as a Paul trap,
but with the addition of a static axial magnetic field
(Figure 1, right). Radial confinement provided by the
magnetic field and rf field are the same in the combined
trap and the proposed combined linear trap. However,
axial confinement in the combined trap is provided by
both dc and rf voltages, whereas (because rf voltage is
applied to both central and endcap rod segments) ions
are confined axially only by the dc voltage in the
combined linear trap. The combined trap can confine
both positive and negative ions simultaneously [9, 10,
14], whereas the combined linear ion trap can confine
ions of only one charge sign. Finally, the combined
linear trap can confine more ions and offer more open
space (important for laser spectroscopy experiments)
than the combined trap.
In conclusion, advantages of the linear combined
ion trap over a conventional Penning trap are: in-
creased ion stability in the presence of ion-neutral
collisions, for operation at much higher pressure;
open structure (compared to a closed cubic trap) for
faster removal of neutrals by pumping); and in-
creased upper mass limit for ion trapping and ion
detection. Disadvantages are that an additional rf
voltage generator is required, so that for FTICR
experiments, it is necessary to filter out the signal at
the rf driving frequency, V.
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